The Microwave
(essentially, the Sun-Earth line). The lower limit rules out the appearance of Earth eclipses while the higher limit is a communications constraint.
Due to the mass growth of the spacecraft during its development phase, MAP was AV-limited by the capacity of its full propellant tank. MAP carries a monopropellant hydrazine propulsion system (blowdown) containing a beginning-of-life propellant load of 72.5 kg and eight t-lb thrusters (Figure 2 early MAP launch opportunities. The first two were 3-loop cases vchile the latter two were 5-loop cases. For this analysis, the maneuver at P1 for each case was divided into two separate maneuvers. The first maneuver was placed during a station contact prior to P I and the second part of the maneuver was positioned during a station contact after P l. It is reasonable to assume that there would be a penalty to implement this scenario because these split maneuver would be performed off of the optimal perigee location. The goal was to determine the AV penalty of splitting up the PI burn in various ways that would allow the analysts to target back to the same lunar encounter. Station contact reports were generated in STK for each of the four cases in order to choose an appropriate time for executing the split maneuvers. Figure 4 In every case, the AV penalty for splitting the first perigee burn to obtain ground station contact is between 8 m/s and 17 m/s, depending on the strategy. Note that this penalty is a "best" case in that it is the minimum AV penalty of the three strategies used. It appeared that Strategy 2 or Strategy 3 provided the smallest penalty. 
PI Maneuver
The nominal plan for the June 30 launch date included a PI maneuver of 21.5 m/s and a P3 maneuver of 8.7 n_s. In the event that the Pl maneuver was to be delayed, a AV penalty would be incurred due to the inefficiency of maneuvering off of perigee. In order to recover from this contingency, a maneuver would be needed at P2 to help compensate for the energy loss at P 1. Furthermore, theP3maneuver wouldbeadjusted flom itsoriginal value.Astrogator wasusedto parameterize theAV penalty as a function of the P1 maneuver delay. Figure   5 shows the penalty incurred from delaying the P1 maneuver. As P1 is delayed, the P2 maneuver rises in magnitude while the P3 maneuver decreases, becoming a retrograde maneuver after a delay of 90 minutes. The AV penalty rises to over 12 m/s after a delay of two hours. It is important to note that after a delay of 105 minutes, the penalty for delaying the maneuver further becomes larger than skipping the maneuver altogether (see below -Missing a Maneuver).
This information was relayed to the MAP System Engmeer as a potential contingency decision point. 
P2 Maneuver
After calibration of the actual P1 maneuver, it was determined that a small maneuver of 2.5 m/s was needed to correct back to the nominal trajectory. With this additional maneuver at P2, the P3 maneuver shrank in size from 8.7 m/s to 7.4 m/s. In a fashion similar to the P1 delay analysis, a delay was applied to the P2 maneuver and the P3 maneuver was re-targeted by using the start time and duration of the maneuver as control variables. Again, the constraints were the lunar encounter parameters (B-plane) at per[selene. While the AV penalty incurred from delaying P2 was small (less than 0.5 m/s), the need to adjust the start time of the P3 maneuver forced the Sun out of the digital sun sensor (DSS) field of view after a P2 delay of only 5 minutes. MAP requires the Sun to remain in the DSS field of view for all maneuvers _°. Deeming this method unacceptable, a second strategy was used. A new attempt was made to add a control variable of adjusting the delayed P2 maneuver. This scheme maintains the square (2 controls l 2 constraints) targeting scenario used previously. The results of this strategy are shown in Figure 6 . Essentially, as the P2 maneuver is delayed, the size of the maneuver is adjusted in duration (i.e. AV) and hence, the P3 maneuver is adjusted accordingly.
For example, if there were an 80 minute delay in the P2 maneuver, the magnitude of P2 maneuver doubles while the P3 maneuver is reduced by 18 cm/s. The end result is an overall penalty of 2.2 m:s.
These small changes in the P2 maneuver maintained the geometry necessary for DSS coverage during the P3 maneuver while being able to achieve the desired lunar encounter parameters at per[selene. In order to be prepared for this scenario, sufficient attitude pointing data (in the form of a quaternion history file) was uploaded to the spacecraft prior to the maneuver.
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Figure 6: Penalty for P2 Maneuver Delay/Restart
P3 Maneuver
The P2 maneuver was executed near a nominal level and the P3 maneuver remained at 7.4 nfs in size. The P3 maneuver is the last opportunity to optimally add energy to the trajectory. Similar to the P2 delay analysis, the P3 maneuver duration was adjusted as a function of the delay time. This approach suffered from the lack of control variables (only one), and the BoR at per[selene began to differ from the desired value. Figure  7 shows the penalty incurred from delaying/adjusting the P3 maneuver. Despite the small penalty, the change in BoR at per[selene drifted enough to allow a lunar shadow (4% depth) to appear in the cruise phase after only a 12 rmnute delay. Careful targeting using a maneuver at PfCM, 18 hours after P3, or at MCC would help to remove the cruise shadow. 
PfCM
The PfCM is a maneuver to correct for any errors incurred from the final perigee maneuver, in this case, P3 Also, PfCM is the last opportunity to correct the trajectory prior to the lunar encounter. Fortunately, P3 execution went well and the PfCM was estimated to be 0.31 m/s (i.e. 31 cm/s). Some analysis was performed to estimate the penalty for delaying the PfCM maneuver.
Fortunately, this maneuver was not very sensitive to maneuver delays as a twelve hour delay in the ignition time evolved into a mere 17 cm/s penalty.
Aborting a Maneuver
If for some reason a maneuver had to be aborted in mid-execution, the remaining maneuvers could be used to compensate for the AV deficit. Again, this fact shows the flexibility of the phasing loop strategy. A second contingency response where the aborted maneuver was restarted after some delay was also examined in some cases. The re-start strategy would only be implemented if the reason for the abort was solved quickly, if it was well understood why it had happened, and if the same problem would not affect the subsequent restart maneuver.
P1 Maneuver
As part of the contingency planning for the P1 maneuver, the effects of a partially completed (aborted) maneuver were examined. As in the delayed maneuver case, the response scenario was to compensate for this contingency by re-targeting the downstream maneuvers, in this case P2 and P3. The results of this parameterization are shown in Figure 8 . There is no penalty, or sometimes even a little AV "rebate", as long as at least 50% of the P1 maneuver was completed. The penalty begins to increase (up to 10 m/s) at any completion percentage below 50%. In Figure  9 , the effects of possibly re-starting an 
P2 Maneuver
As in the P1 abort case, the P2 analysis was parameterized with the percent of the P2 maneuver completed and the delay before a re-start could be attempted.
In this case, the second portion of P2 was adjusted in order to minimize the AV penalty. In all of these cases, the second portion of the P2 maneuver and the P3 maneuver were adjusted in order to meet lunar encounter constraints at periselene. This correction scheme allowed the analysts to target back to the nominal trajectory while meeting all mission constraints. As can be seen from the results (Figure 10 if less than 57% of the P3 maneuver was completed (Figure 11) . A second response was analyzed where a P3 re-start maneuver was performed after some time delay, and the re-start maneuver magnitude was used in a single degree of freedom targeting scenario to achieve a satisfactory hmar encounter. 
PfCM Maneuver
As it was determined that PfCM was not a time-critical maneuver (a 12 hour delay only incurred a 17 crrv's penalty), the abort scenario for PfCM was not studied in any great detail.
Missing a Maneuver
The response strategy for nussing a maneuver was the same as for the previous studies -opportunities at the downstream phasing loop maneuvers were used to compensate for the AV loss. The penalties for missing a single maneuver are larger than m the previous contingency scenarios but still within the contingency allocation for the June 30 launch.
P1 Maneuver
Despite the P1 maneuver being the largest maneuver scheduled during the phasing loops, the consequences of missing it are not the greatest. Absorbing the impact of missing P1 on the P2 and P3 maneuvers caused an overall AV penalty of 10.6 m/s. In order to correct from missing the P I maneuver, a P2 maneuver (not previously scheduled) of 34.2 m/s would be needed while the P3 maneuver changed from a posigrade 8.7
m/s to a retrograde 6.6 m/s. Essentially, the loss of the P l maneuver forces great changes in the other maneuvers in order to meet the Moon at the appropriate time for the gravity assist.
P2 Maneuver
Unlike the P1 maneuver, there was a large penalty for missing the P2 maneuver -assuming the P1 maneuver was performed nominally. Missing the P2 maneuver (2.5 m/s) required during operations would force the P3 maneuver to be moved significantly off of the perigee point (nearly 9 hours before perigee. This maneuver of 34 m/s would slide backwards in order to compensate for the loss in the apparent apsidal line shift (as seen in the rotating frame) gained from the P2 maneuver. Furthermore, the location of this maneuver off of perigee would not allow the +X thrusters to be used, as it would allow full Sun onto the instrument. In this case, the +Z thrusters (3 & 4) would be needed in order to maintain thermal stability. A maneuver of this size using only the two +Z thrusters (with their 30°cant angles) would require over 100 minutes of thrusting. The P2 maneuver became a very crucial maneuver to perform. Regardless, the incurred penalty of 24 m/s is within the June 30 tb allocation.
1"3 Maneuver
As the P3 maneuver is the last perigee maneuver prior to the hmar encounter, it was the last efficient place to add energy to the trajectory. Aborting maneuvers after ignition induced penalties of less than 8 m/s for the perigee maneuvers but this penalty was minimized with an attempt to restart the aborted maneuver after a specified time (less than two hours). This ability to restart the maneuver would be highly dependent on the reason for the abort.
Missing
any of the perigee maneuvers was costly, though missing P2 or P3 resulted in large maneuvers (near 35 m/s) in order to recover. The recovery scenario for missing the P2 or P3 maneuvers resulted in maneuvering in non-optimal configurations (using two thrusters instead of four) or placing the instrument in partial view of the Sun, respectively.
All of these contingencies could have been accommodated (singly) with the contingency AV available for MAP's actual launch day -47 m/s. Unfortunately, MAP would not have been able to recover from missing the Moon with the AV available for maneuver design. As this was discovered, great effort was made in order to reduce the likelihood of this possibility.
In the end, MAP did not suffer any contingencies that required extra maneuvering and MAP is now collecting data with the goal of producing a full-sky, high resolution map of the cosmic microwave background radiation some time in early 2003.
